Abstract
Introduction
Problem description and assumptions The first stage in any icing analysis is to determine where and at what rate the cloud water droplets are deposited on the surface of the body (e.g. wing or fuselage) under investigation. This characteristic is frequently referred to as the water-collection or catch-efficiency distribution. The local value of catch efficiency represents the fraction of the freestream water concentration which impacts at a given surface location of the body. The distribution normally has a peak close to the aerodynamic stagnation point and reduces in value to zero at some aft location usually on each of the upper and lower surfaces of the body (aerofoil). Typical peak values range from ca. 90% for a rotor with small chord (less than or equal to 0.75 m) and high speed (200 m s¡1) to 50% peak or less for large chord wings (greater than or equal to 2 m) at typical speeds of commercial transport aircraft during hold (e.g. 75-140 m s -1 ). There are two main types of trajectory calculation in use today. The first and most frequently adopted method is a traditional Lagrangian formulation in which the trajectory of an individual water droplet is tracked from a specified starting point upstream of the body (usually five to seven chord lengths ahead of the body). The second and more recently adopted approach is Eulerian, in which the volume fraction is computed at the same node positions at which the aerodynamic parameters are known. No individual particles are therefore tracked in this approach and the answer leads directly to a measure of the catch efficiency. For both methods, either a flow solution or a means of calculating the aerodynamic flow is necessary. Methods adopted depend on the application and range from simple panel methods through to full Navier-Stokes solvers.
Water droplet trajectory calculations
The derivation of the equation for the droplet acceleration in the x-direction is shown below. The derivation for the acceleration in the y-and zdirections for three dimensional calculations is very similar and therefore not shown. The primary assumptions on which the equations are based are as follows. (5) The water droplet concentration is sufficiently small for the droplets to have a negligible effect on the aerodynamic flow and therefore the air flow and water droplets may be treated as independent systems. An illustration of the coordinate system and terminology employed in this note for the aerofoil and droplet is provided in figures 1 and 2.In case of a single particle, where V a is the local air velocity, u a is the local air velocity component in the xdirection, v a is the local air velocity component in the y-direction, V d is the droplet velocity, u d is the droplet velocity component in the x-direction, v d is the droplet velocity component in the y-direction, u rel is the relative air/droplet velocity in the xdirection, v rel is the relative air/droplet velocity, V res is the resultant of the relative velocities u rel and v rel , the aerodynamic force on the droplet, F a , is 
which are written in a non-dimensional form using ( ) 
Furthermore, introducing the inertia parameter 
The equations of motion are readily solved using Runge-Kutta or similar numerical methods, with the initial droplet velocity at the trajectory starting point several chord lengths ahead of the body usually assumed to be the same as that of the aerodynamic flow.
Flow solution
With panel methods, the flow solution is evaluated at each position of the droplet trajectory by summing the contribution to the flow from the calculated circulation from a series of panels that describe the aerofoil or body profile. The flow solution at the surface of the profile is also required in the accretion analysis. The alternative is a grid-based solution in which the velocity is known at discrete node points of a grid around the body. The velocity at a given point in space is then estimated by interpolation using the surrounding grid nodes. We consider a control volume located on the surface of the body and which extends from outside the boundary-layer to the surface. The lower boundary of the control volume is initially on the surface of the clean geometry and moves outward with the surface as the ice accretes. Computationally a control volume is placed over each panel defining the body geometry as shown in fig 3. The conservation of mass requires that the mass flow rate entering the control volume is equal to the mass flow rate leaving the control volume, that is: The energy balance is applied to the control volume by using the first law of thermodynamics which requires that the energy inflow rate is equal to the energy outflow rate. Application of the energy balance to the control volume of Fig.3 
The equations (11) and (12) are solved iteratively.
The thickness of boundary ice is: Thus, calculations for each step involves recomputing the inviscid flow, determining impingement pattern for the new configuration, and reevaluating the heat balance equation. Numerical calculation includes the phases: 1) read the intial coordinates, x,z, of the considered airfoil profile and the speed distribution U e is computed for the airfoil with the panels method; 2) the dynamical and thermal boundary layer equations are solved, resuting:
T and U Δ ;
3) with (5.16) the ice thickness for the first time step is calculated; 4) the new coordinates of airfoil profile are calculated; The (1) step is repeated.
Conclusions
The phenomenon of ice accretion over the airfoil profile is the effect of a triplet : the mass of water droplets (from cloud),the air fluid motion over the airfoil profile and the solid surface. These interactions are controled by many factors, who are defined as parameter: -the pression, the temperature and humidity of the environment.
-the speed and direction of air stream ; -the physical and chemical of cloud mass (the density and chemical composition of cloud) -the interaction between water droplet and airstream ( the buoyancy force, the friction force) that are determined by V ∞ , ρ d , K.
-the interaction between the water droplets and the phenomenon from dynamic and thermal boundary layer (
), the mass and energy transfer, free and forced convection; -the interaction between the droplets and the solid surface of the airfoil profile semi-elastic interaction (the efficiency of droplets adhesion at the airfoil surface.
With the considered mathematical model, a numerical code simulating the process of ice accretion over the airfoil is elaborated. The form and mass of ice deposition over the aerodynamic airfoil are functions of R d / R ∞ , τ  e = b/a, α=0. The calculation is done for laminar and incompressible flow around the aerodymamic profiles described in 
